Laser forming is an emerging technology which shows great potential for direct manufacture, prototyping and a means of alignment and distortion removal. An industry sector where its use is under consideration is aerospace, in particular for the forming of high strength aerospace alloys such as Ti-6Al-4V. This paper includes a multiple pass 2D laser forming comparative study on titanium alloy Ti-6Al-4V using two different types of Nd:YAG laser, pulsed (fibre delivered to an x-y stage) and CW (fibre delivered to a 6 axis robot). The use of Nd:YAG lasers for the laser forming of this material is being investigated as the need for absorptive coatings may be eliminated (costly and difficult to apply and remove). Key to the industrial acceptance of laser forming of this material is the development of cost-effective systems that avoid the detrimental diffusion of oxygen into the surface at elevated temperatures. To this end samples were processed in different atmospheres, in air and in argon (oxygen suppression), for the argon atmosphere two methods were investigated. The first employed a specially developed shroud delivery nozzle for the robot system. The second employed a controlled atmosphere chamber (<2ppm O 2 ). The cumulative bend angle at a number of processing conditions was recorded and a comparison made. The effects of laser forming on the material properties of the titanium alloy were also investigated; factors studied were the depth of transformed zones, total thickness of test coupons at various number of passes, microstructures formed and the microhardness of the heated section.
Introduction
The laser forming process (LF) has become viable for the shaping of metallic components, as a means of rapid prototyping and of adjusting and aligning. Laser forming is of significant value to industries that previously relied on expensive stamping dies and presses for prototype evaluations. Relevant industry sectors include aerospace, automotive, shipbuilding and microelectronics [1] . In contrast with conventional forming techniques, this method requires no mechanical contact and thus promotes the idea of 'Virtual Tooling'. It also offers many of the advantages of process flexibility and automation associated with other laser manufacturing techniques, such as laser cutting and marking. The process employs a defocused laser beam to induce thermal stresses without melting in the surface of a workpiece in order to produce controlled distortion. These internal stresses induce plastic strains, bending or shortening the material, or result in a local elastic plastic buckling of the work piece depending on the mechanism active [2] . The range of metals and other materials that can be laser formed is considerable. As there is only localised heating involved, below the melting temperature, the bulk properties are not altered and good metallurgical properties are retained in the irradiated area. Materials of particular interest are specialist high strength alloys for the aerospace sector such as Ti6Al4V [3] . Key to the industrial acceptance of laser forming of this material is the development of cost-effective systems that avoid the detrimental diffusion of oxygen into the surface at elevated temperatures. To this end an investigation was conducted into the multi-pass 2D laser forming of Ti6Al4V sheet both in air and in an inert argon atmosphere. Two methods of oxygen suppression using argon were investigated and are detailed below. It has been reported in a number of studies that the use of absorptive coatings such as graphite, necessary for longer laser wavelengths such as 10.6µm (CO 2 ), are unreliable for the laser forming process [4] . They can degrade per pass, thus changing the absorption coefficient of a surface during processing, making prediction and control difficult. In addition, from a manufacturing point of view they can be costly and time consuming to apply and remove. Due to these factors the study presented in this paper was conducted on Nd:YAG (1.06µm) lasers without the use of absorptive coatings. It was hoped that this would further emphasise the potential manufacturing capabilities of the LF process and the study as a whole should provide an insight into how LF could be implemented for the manufacture of components from Ti6Al4V and other oxygen sensitive materials. 
Experimental
An investigation was conducted into the 2D LF of 2mm gauge Ti-6Al-4V (Ti64) mill annealed sheet (coupon size 80x40mm), an aerospace alloy of titanium. Ti64 is widely used in the aerospace sector due to its high strength yet low density, excellent resistance to fatigue and crack propagation and outstanding resistance to corrosion. It is the most widely used titanium alloy. The atomic structure of titanium undergoes a transformation from a close packed hexagonal arrangement (alpha or α phase) to a body centred cubic arrangement (beta or β phase) at 882°C. This transformation can be considerably modified by the addition of alloying elements to produce alloys that have all α, all β or α + β structures. Ti64 is an alpha + beta alloy containing 6% aluminium and 4% vanadium. The aluminium stabilises and strengthens the alpha phase, so raising the beta-transus temperature (~980°C), as well as reducing the density of the alloy. The vanadium is a beta stabiliser, and provides a greater amount of the more ductile beta phase during hot working. On solution treatment high in the alpha + beta field, followed by rapid cooling to room temperature, the beta phase transforms to a structure which can be subsequently tempered to a fine dispersion of beta in an alpha matrix, with consequent strengthening of the alloy. Temperatures up to 700°C are commonly used in warm-working or forming this alloy conventionally. Oxygen readily diffuses into the surface of Ti64 at temperatures exceeding 550°C and produces a brittle α-case; this can weaken the material as crack propagation points can form in the surface region. Currently in the aerospace sector, after conventional hot forming techniques, this α-case has to be removed by chemical etching, this is not only an additional process step but it produces hazardous waste products and requires components to be constructed with additional thickness. In order to improve on these two methods of oxygen suppression were investigated to eliminate the diffusion effect during LF, a controlled 'Saffron' atmosphere chamber and a specially designed argon shrouding nozzle. This study also has implications on other laser based processing of this material such as welding, cutting, cladding and surface processing. The laser forming study was conducted using two types of Nd:YAG laser in two different atmospheres: air and argon. The first laser used (labelled "Robot" hereafter) was a Lumonics CW AM356, 4kW, fibre delivered to a 7-axis robot (Reis, type RSV16). In Figure 1 a view of the workstation with the specially designed argon shroud processing head is shown. The processing head employs a concentric design to deliver large quantities of argon to displace oxygen. A Schematic of the laser treatment is presented in Figure 2 . The second laser system used (labelled "Saffron" hereafter) was a Rofin-Sinar RSY 500P (500W average power, peak pulse power 7.5kW). A view of the workstation is presented in figure 3 . In this case the laser was fibre delivered to a Saffron atmosphere controlled chamber with a 2 axis CNC stage (oxygen at less than 2ppm, replaced by argon). The processing parameters used during the study are given in table 1. Samples processed using the parameters shown above were investigated. After processing the metallographic microsections were prepared. They were cut and ground perpendicular to the irradiated surface and to the direction of the laser beam displacement on the test coupon. Having etched the metallographic microsections, heat effecting zones (depth of HAZ) and total thickness of test coupons were determined (Fig.4) .
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Fig. 4. Schematic of determined dimensions: D -depth of HAZ; T -total thickness
Observations were made by metallographic light microscopes Neophot 2, Olympus and Leitz-Wetzlar. Photomicrographs were taken at magnifications of x200, x250 and x1000. The HAZ microhardness (HV0.1) was measured via a Vickers micro-hardness tester produced by TIME Technology Europe (type HVS-1000). Microhardness distributions through the cross-section depth of the HAZ were determined.
Results and Discussion
Laser forming in air is characterized by a much larger transformed zone when compared to using a protective argon atmosphere. However, the traverse velocity required to give significant forming in air was one time faster than for the argon atmosphere. In addition to this, the size of the HAZ is likely to depend on the additional cooling factor from the argon and possibly different absorption coefficients in air after increasing numbers of laser passes. Laser forming in air produced an increasing surface darkening effect per pass due to oxidation (figure 5), this was found to aid the process initially by increasing the laser absorption. However, this led to surface damage due to over heating over many passes. Using the Saffron system laser the surface darkening due to oxidation was not as significant as using the "Robot" system, this may be due to the pulsed laser mode used. Laser forming in an argon atmosphere is distinguished by a smooth, white, undamaged and seemingly un-oxidised surface (figure 5). The surface conditions of the scanned laser paths after processing at various numbers of passes are presented in Figure 5 . Figure 6 shows the bend angle results for the 2-D laser forming of the Ti64 coupons on the two laser systems and in two atmospheres. The maximum bend angle was obtained after laser forming using the Robot system employing an argon shroud. It is comparable after 30 passes with the result from forming in air on the same system. This shows that a similar forming result can be achieved when using the shrouding nozzle by decreasing the traverse speed in order to overcome the additional cooling effect, in addition the detrimental (runaway) increase in absorption and subsequent melting is avoided (figure 5). The lowest bend was obtained in air by the pulsed laser system (Saffron) despite the additional surface darkening effect ( figure 5 ). This may be attributed to the complete argon atmosphere of the saffron chamber, in particular the increased cooling of the lower surface of the coupon adding to the attainable thermal gradient through the thickness of the coupon. (Fig.8) for the Robot data is similar (in air and using the argon shroud). In case of using the Saffron system the material is much thicker in air (after 5 and 30 passes) than in the vacuum chamber (argon). Figure 9 shows the micrograph of the 'as received' material before laser forming. The structure consists of two phases: inter-granular beta phase (grey) in a matrix of alpha (light). 
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Saffron In figure 11 the oxidation zone can be seen in higher magnification. This zone is much more uniform in comparison with the shaped dendrites after laser surface treatment of this material, where a single laser pass is used [5] . This loss of the dendritic structure after laser forming maybe due the multiple pass strategy used, however, the obtained microhardness results are similar to those after laser surface treatment.
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Fig . 11 . Photomicrograph of laser forming in airRobot system, scan speed v = 30mm/s, power on the surface P = 800W cw, spot size d = 5mm, intervals between passes t = 25-30s, number of passes p = 30.
Magnification: a) x200, b) x1000
In Figure 12 photomicrographs and microhardness distributions HV0.1 after laser forming using the argon shroud on the Robot system are presented. The photomicrographs show plate like structures knows as martensite (alpha prime phase). In this case an oxidation zone was not observed, confirming the effectiveness of the shrouding nozzle. The transformed zones when using the shroud are characterized by a lower microhardness -about 400HV0.1 (figure 12), which is comparable to the bulk material. Under the white surface layer a similar growth (to that observed in air) of ex-beta grain which has transformed into martenstic microstructure, can be observed. In Figure 13 photomicrographs after laser forming in a vacuum chamber (argon atmosphere) using the Saffron system are presented. In the photomicrographs a martensitic microstructure (alpha prime phase) can be observed. The transformed zones are characterized by a microhardness of approximately 400HV0.1 (Fig. 14) . This is comparable to the microhardness observed after laser forming using the argon shroud on the Robot system. Figure 15 shows photomicrographs of samples laser formed in air using the Saffron system. The transformed zones have a larger growth of ex-beta grain (martensite) compared to the samples formed in the inert atmosphere and those using the Robot system (in air and using the argon shroud). However, the oxidation zone was not observed, this maybe due to the pulsed laser parameters used, further investigation is required to confirm this. The transformed zones are characterized by a similar microhardness of about 400 HV0.1 (Fig.16) , comparable to the vacuum chamber samples and after laser forming using the argon shroud on the Robot system. 
Conclusions
The study confirmed that it is possible to laser form sheet Ti6Al4V using CW and pulsed Nd:YAG lasers sources (without the need for coating) without significant detrimental metallurgical effects. This was achieved by employing an inert argon atmosphere.
Using both a controlled atmospheric chamber and a simple argon shrouding nozzle achieved similar results in terms of preventing the detrimental diffusion of oxygen into the surface.
The maximum bend angle was obtained after laser forming the Ti64 samples with a CW Nd:YAG system using an argon shroud. It is comparable after 30 passes with laser forming in air, however due to a surface darkening effect and subsequent increase in absorption, due to oxidation in air, surface damage occurred on the samples. Using an argon shroud delivered via a specially designed nozzle eliminated this effect.
Laser forming using the argon shroud nozzle avoided the creation of an oxidation zone. In this case only plate like structure knows as martensite (alpha prime phase) were observed. The transformed zones were characterized by a lower microhardness (approximately 400HV0.1), which is comparable to the bulk material.
The depth of the oxidation zone in air increases with increasing number of laser passes. For example after 5 laser passes a 0.01mm thickness was observed, after 15 it was 0.04mm and finally after 30 passes it was 0.07mm. In the case of using the Saffron system in air an oxidation zone was not clearly observed, this maybe due to the pulsed laser parameters used and will require further study to confirm.
The Oxidation zone on this material when forming in air is characterized by an undesirably high microhardness -about 900HV0.1. Below this surface layer a prior beta grain, which is transformed to alpha prime matrix (martensite), was observed.
The lowest bend angle was obtained in air using a pulsed laser system. A significant difference in the bend angle betweens the test coupons in air and argon atmospheres were observed.
The transformed zones in air using the Saffron system are characterized by larger growth of ex-beta grain (martensite) when compared to the vacuum chamber samples and those produced using the Robot system (in air and using an argon shroud). However a similar microhardness of approximately 400HV0.1, was recorded.
The depth of HAZ after 15 and 30 laser passes on samples processed with the pulsed laser system is about two times deeper than those processed using the CW laser. The total thickness of the test coupons using the CW laser is similar for both in air and using the argon shroud. Using the pulsed laser system the formed material is much thicker in air (after 5 and 30 passes) than in the vacuum chamber (argon atmosphere).
